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Abstract 
Relative to other western nations, there is a paucity of information on indoor air 
organic pollutants in Australia. While some data are available on the indoor levels of 
volatile organic compounds in Australian dwellings, corresponding information on 
polycyclic aromatic hydrocarbons levels is scarce. Therefore, this paper reports the 
results of the characterisation and quantification of airborne polycyclic aromatic 
hydrocarbons and volatile organic compounds in non-industrial environments in an 
Australian city. The most abundant and most frequently encountered compounds 
include, nonanal, decanal, texanol, acetone, formaldehyde, acetaldehyde, toluene, 
hexanal, ethyl benzene, the xylenes and C3-benzene. The distribution of these and 
other compounds found in the buildings have been rationalised in terms of indoor 
activities and the building characteristics (distance from a major roads, floor materials, 
use of air extractors etc). In addition, multi-criteria decision making procedures have 
been employed to rank the buildings on the basis of forty indoor air quality-influencing 
variables. This approach offers a useful tool that could facilitate the identification of 
environments requiring attention, and assist the formulation and prioritisation of 
control strategies.  
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INTRODUCTION 
Continuing interest in indoor air quality (IAQ) is exemplified by the number of recent 
books that have been devoted to the presence of pollutants in the indoor environment 
(Morawska and Salthammer 2003, Pluschke 2004, Salthammer 1999). In spite of the 
body of knowledge about IAQ that are contained in the references listed in these 
books, the impact of indoor pollutants on the health of residents is not fully 
understood.  Therefore, the search for new clues on the processes that are important in 
the absorption, emission and complex reactions of indoor air pollutant continues in 
earnest worldwide.  
 
Relative to the other western nations few IAQ studies from Australia have been 
reported in the international literature. Although a number of substantial indoor air 
articles have emanated from studies conducted in Australia (see e.g. Brown, 1999), 
very few, if any, of these studies have reported the level of air toxics like polyaromatic 
hydrocarbons in indoor environments. This study reports the result of a brief survey of 
the level of polyaromatic hydrocarbons in some indoor environments. For 
completeness, the levels of volatile organic compounds (VOCs) in such environments 
were also measured. The study is significant because many VOCs found in indoor air 
have adverse effects on the well-being of the residents while PAHs, on the other hand, 
have attracted much attention not only because of their mutagenic and carcinogenic 
activities, but also because they are associated with indoor activities such as cooking, 
smoking, burning of incense and candles.  
 
Multivariate data analysis techniques are now frequently used to assess IAQ data but 
PROMTHEE and GAIA are relatively new players in this field (Ayoko et al, 2004).   
Consequently, to examine the structure of and assess the underlying features in the 
data obtained, the multi-criteria decision making methods, PROMETHEE (Preference 
Ranking Organization Method for Enrichment Evaluation) and GAIA (Geometrical 
Analysis for Interactive Aid), which have not featured prominently in IAQ assessment 
was applied to the data. PROMETHEE, a non-parametric method, provides ranking 
information, which can be used to choose an object in preference to all others, while 
GAIA facilitates pattern recognition. The results obtained the study are discussed in 
the light of control measures for poor IAQ and reduction in the associated health risks. 
 
RESEARCH METHODS  
Description of the indoor environments studied: The indoor environments consisted 
of a selection of residential houses, hair dressing salons, a chemical research 
laboratory, and for the purpose of comparison, an outdoor air sample. With the 
exception of one of the salons, there were no major outdoor pollution sources in the 
immediate proximity of the indoor environments.  
 
Questionnaire: Questionnaires were used to collect information about the 
environmental, structural and furnishing characteristics of the buildings, and the 
activities and health status of the residents. The first part of the questionnaires dealt 
with external features of the buildings and included questions about the type of road on 
which buildings were situated, type of building materials and garage. The second part 
consisted of questions about the interiors of the buildings: floor-type, wall materials, 
use of extractors and air-conditioning. The last section included questions about the 
residents’ activities and health status. 
 
Sampling and chemical analyses: Each indoor environment was sampled under 
minimum ventilation condition ie with all doors and windows closed.  No controllable 
indoor source (e.g. cooking and smoking) operated during the measurements. 
Sampling protocols and analyses for the VOCs, carbonyl compounds and PAHs were 
performed by adapting guidelines from EPA Method TO-17 (1999), EPA Method TO-
11A (1999) and EPA Method TO-13 A (1999) respectively. Thus carbonyl compounds 
were sampled onto LpDNPH cartridges (supplied by Supelco, USA), airborne PAHs 
were sampled onto sorbent tubes containing XAD-2 (supplied by Supelco, USA) and 
VOCs were sampled onto stainless steel thermal desorption tubes (Perkin-Elmer) filled 
with 0.3 g Tenax TA (mesh 60/80, Chrompack). The carbonyl compounds and PAHs 
were analysed by HPLC while the VOCs were quantified by GC/MS (Hewlett-Packard 
6890/5972) after thermal desorption with a Perkin Elmer ATD 400, operated 320 °C. 
Normal quality assurance/quality control measures recommended in each of the US 
EPA methods were followed.  
 
Multi-criteria ranking : Multicriteria ranking of the air quality in the micro-
environments was performed by the multi-criteria decision-making methods, 
PROMETHEE and GAIA. PROMETHEE, an outranking method, ranks alternatives 
on the basis of a set of criteria and is often coupled to the visual display tool, GAIA 
(Graphical Analysis for Interactive Assistance) in the Decision Lab 2000 software 
used for the data analysis.The steps involved in the ranking were similar to those that 
were discussed fully elsewhere (Ayoko et al. 2004). In summary each variable was 
separately optimised (ie ranked top-down (maximised) or bottom-up (minimised)), and 
modelled using preference functions that are similar to those described by Ayoko et al 
2004.  PROMETHEE ranks the objects (buildings in this work) according to a given 
set of variables (e.g. concentration of individual pollutants). In addition, it acts as data 
pre-treatment procedure for GAIA. GAIA, on the other hand, evaluates and presents 
PROMETHEE II results as PC1 (principal component 1) versus PC2 (principal 
component 2) biplots.  
 
To explore the variables that influence the ranking, GAIA was employed. This special 
form of Principal Component Analysis (PCA), visually displays PROMTHEE results 
as a biplot on two orthogonal principal components. Unlike classical PCA plots, GAIA 
plots have a global decision axis, π, which indicates the quality of the decision. If the 
decision axis is long, the best objects are those found in that direction and vice versa.   
RESULTS AND DISCUSION 
Survey of the pollutants 
Twelve carbonyl compounds, nine polycyclic aromatic hydrocarbons and forty volatile 
organic compounds were identified and quantified from the samples. Many 
compounds listed in the European Collaborative Action (ECA) on Indoor Air Quality 
(ECA 1997a and 1997b) method for the determination of Total Volatile Organic 
Compound (TVOC) in indoor environments were not detected in these 
microenvironments. In particular, 1-octene and 1-decene, trichloroethene, tetra-
chloroethethene, 1,1,1-trichloroethane, cyclohexane, 3-carene, cyclohexone, methyl-
isobutylketone, β-pinene, methylethylketone, isopropylacetate were not detected in any 
of the samples.   
 
The indoor concentrations of some of the most frequently detected compounds are 
summarised in Table 1. 
  
Table 1: Concentrations (μg/m3) of some of the prevalent compounds in the 
microenvironments  
Median 
95% 
Percentile Max Min SD Mean 
Formaldeyhyde 17.92 4.48 44.88 2.55 12.35 19.01 
Acetaldehyde 8.78 1.78 17.38 1.05 6.64 9.37 
Acetone 19.45 5.95 184.45 1.95 62.94 51.34 
Propionaldehyde 3.38 1.07 16.67 0.82 4.17 4.41 
Crotonaldehyde 2.17 1.05 4.08 0.88 1.24 2.39 
2-Butanone 3.40 1.15 4.53 0.94 1.43 2.91 
Methacrolein 2.50 0.73 9.33 0.70 3.31 3.38 
Benzyldehyde 5.25 4.05 17.17 3.92 7.30 8.78 
Valeraldehyde 1.51 1.15 4.92 1.13 1.39 2.23 
Hexaldehyde 5.22 0.99 19.38 0.10 5.58 6.64 
1,2-Propandiol 10.30 0.00 107.00 0.00 37.26 28.39 
Toluene 37.27 15.60 146.39 15.39 38.08 47.18 
Ethylbenzene 7.17 0.00 15.90 0.00 5.46 6.62 
m,-p-Xylene 27.65 11.60 56.37 11.60 13.70 29.77 
o-Xylene 11.33 2.81 27.10 0.00 7.81 11.82 
Sum C3-
Benzenes/Mesitylene 14.64 4.83 72.11 0.00 19.43 20.30 
Acetophenone 12.64 0.00 33.72 0.00 9.45 12.12 
Nonanal 35.52 0.00 135.23 0.00 46.43 48.05 
Decanal 22.05 0.00 64.64 0.00 16.81 21.50 
Sum Alkanes C12-
C17/C15 4.10 0.00 105.62 0.00 31.57 19.47 
Texanol 16.47 0.00 204.23 0.00 59.09 38.17 
Fluorene* 0.52 0.28 0.78 0.26 0.37 0.52 
Fluoranthene* 1.05 0.88 3.75 0.85 1.25 1.80 
Pyrene* 5.29 3.68 8.00 3.50 2.27 5.60 
Benz(a) anthracene* 2.35 0.91 2.84 0.75 1.09 1.98 
* in ng/m3 
 
As shown in the Table, the levels of individual VOCs were generally below the 
NHMRC target value of less than 250  μg/m3 for any particular VOC and the sum of 
VOCs in each of the samples did not exceed the range 1000-3000 μg/m3, which has 
been recommended as the threshold for official intervention (Seifert 1999 cited by 
Pluschke 1999). With the exception of traffic generated VOC such as o, m, p-xylene, 
nonane, C3-benzenes, fluoranthene and pyrene, the indoor levels of the compounds 
were generally higher than their outdoor levels. 
  
Some compounds such as limonene, benzaldehyde, salicylaldehyde, dihydromyrcenol, 
linalool, Benzyl alcohol, acetic acid benzylester, propyleneglycol trimer, and α-
terpineol were detected only in the salon.  Compounds such as styrene, dichloro-
methane, hexane, n-butanol, n-butyl acetate, 1-propoxy-2-propanol, methoxy-
propylacetate, nonane,   α-pinene, diethylpthalate, butylglycol, phenol, ethylhexanol, 
dichlorobenzene, butanoic acid pentylester, N-N-diethyl-3-metyl-benzenamide, and 
phenanthrene were detected only in less than 25% of the environments. Such 
compounds were not included in the multivariate data analysis. 
Multi-variate data analysis  
When the objects were ranked on the basis of 38 variables (VOCs, PAHs and carbonyl 
compounds), the result of the complete ranking is as shown in Table 2. Similar results 
obtained for sub-matrices in which only the PAHs, VOCs or carbonyl compounds 
were examined and the results are also presented in Table 2. 
 
The ranking information in Table 2 showed that B11 and B12 are always among the 
least polluted (most preferred) microenvironments while B10 and B5 are always 
among the most polluted microenvironments. The most important compounds 
influencing the ranking are found by GAIA to be: nonanal, hexanal, acetaldehyde, 
valeraldhyde, siloxane, anthracene and naphthalene. Such ranking information can be 
used to prioritise remedial action.  
 
 
  
Table 2: Ranking information on the indoor environments 
 
 Environment* Net 
outranking 
flow a 
Net 
outranking 
flow b 
Net 
outranking 
flow c 
Net 
outranking 
flow d 
 B1 0.00(6)* -0.01(7) 0.00(6) 0.00 (6) 
 B2 -0.01(8) -0.02(9) 0.00(7) -0.01 (7) 
 B3 -0.01(11) -0.04(10) 0.00(5) -0.02 (9) 
 B4 0.02(3) 0.04(4) -0.02(12) 0.03 (4) 
 B5 -0.03(12) -0.08(12) -0.01(10) -0.04 (12) 
 B6 -0.01(7) -0.02(8) -0.01(9) -0.01 (8) 
 B7 0.01(5) 0.04(3) -0.01(11) 0.01 (5) 
 B8 0.01(4) 0.03(5) -0.01(8) 0.01 (4) 
 B9 -0.01(9) 0.01(6) 0.01 (4) -0.02 (10) 
 B10 -0.01(10) -0.06(11) 0.01(1) -0.03 (11) 
 B11 0.02(2) 0.05(1) 0.01(2) 0.03 (2) 
 B12 0.03(1) 0.04(2) 0.01(3) 0.03 (1) 
 
* The rank of each building is shown in parentheses; a All compounds were used; b only 
carbonyl compounds were used; c only PAHs were used.; d both carbonyl compounds 
and VOCs were used.(B8 is a research laboratory, B9-B12 are salon micro-
environments and the rest are residential houses. The more positive the value of the net 
outranking flow of an object, the higher the degree of preference of the object.) 
 
To examine the relationship of the measured pollutant concentrations and building 
characteristics/indoor activities, exploratory PCA and PLS modelling were performed 
on the data using SIMCA P 10 software. In the latter, the pollutants were made the Y-
block and the building characteristics the X-block. The results showed that the fraction 
of Y that can be predicted Q2, was greater 0.50 for many of the carbonyl compounds 
and PAHs suggesting that these compounds can be modelled and predicted with 
building characteristics such as smoking habit, presence of built in garage and 
proximity to a major road.   
 
The relationship of pollutant concentrations and the health status/complaints of the 
regular users/occupants of the microenvironment was explored by subjecting the data 
to PLS analysis. A  four –component PLS model showing the following statistical data 
: R2X=0.633(cum), R2Y = 0.996(cum)  and Q2Y(cum) = 0.846 was obtained. (R2X and 
R2Y express the fraction of the sum of squares of all X’s and Y’s that can be explained 
the component and Q2Y (cum) represented the fraction of the total variation of Y that 
can be predicted). Thus the pollutants possess sufficient information for modelling and 
predicting the health status of the occupants.  
CONCLUSION AND IMPLICATIONS 
The study revealed the prevalence of a wide range of compounds in the indoor air of a 
variety of non-industrial indoor environments. The multi-variate data analysis provided 
information that could be used to choose one environment in preference to another on 
the basis of their IAQ. It also identified the variables that the influence the ranking and 
building characteristics that promote the deterioration of IAQ as well as a link between 
the concentration of pollutants and the health status of the occupants. Such ranking 
analysis has not featured prominently in indoor air literature. But they appear to offer a 
useful tool in prioritizing control strategies. Because of the small size of the data used, 
information derived from this study must be used with caution. Nevertheless, they 
highlight the potential use of multi-variate data analysis procedures in understanding 
and interpreting IAQ data. 
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